A method for nondestructive inspection of the thermal transfer effectiveness of adhesive bonds between the substrate and package (case) in the production of hybrid microcircuits is described. Because this bond is a series element in the thermal path for removal of the power dissipated by the microcircuit, its effectiveness is crucial to maintaining relatively low component-operating temperatures. As is well known, this can be directly equated to increasing reliability. Because the bonding material is between two opaque surfaces, it cannot be visually inspected. This situation motivated the work described here, which yielded the following results. 1) A nondestructive inspection technique employing infrared (IR) thermography was developed; the inspection can be performed in a production environment before the expensive step of completing wire bonding to the case has occurred. 2) The ability of the technique to distinguish between good and bad thermal bonds was demonstrated using two specially prepared test hybrids. 3) An analysis of the test method for use in planning inspection tests and interpretation of the test results was developed. The results show that this thermal imaging inspection technique affords a method to improve the quality of hybrid thermal bonding.
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Nondestructive Infrared Inspection of Hybrid Microcircuit
Substrate-to-Package Thermal Adhesive Bonds JAMES M. KALLIS, GEORGETTE S. EGAN. AND MICHAEL P. WIRICK Abstract-A method foi nondestructive inspection of the thermal transfer effectiveness of adhesive bonds between the substrate and package (case) in the production of hybrid microcircuits is described. Because this bond is a series element in the thermal path for removal of the power dissipated by the microcircuit, its effectiveness is crucial to maintaining relatively low component-operating temperatures. As is well known, this can be directly equated to increasing reliability. Because the bonding material is between two opaque surfaces, it cannot be visually inspected. This situation motivated the work described here, which yielded the following results. 1) A nondestructive inspection technique employing infrared (IR) thermography was developed; the inspection can be performed in a production environment before the expensive step of completing wire bonding to the case has occurred. 2) The ability of the technique to distinguish between good and bad thermal bonds was demonstrated using two specially prepared test hybrids. 3) An analysis of the test method for use in planning inspection tests and interpretation of the test results was developed. The results show that this therm& imaging inspeciion technique affords a method to improve the quality of hybrid thermal bonding.
INTRODUCTION
T HIS PAPER describes an experiment conducted to assess the ability to discern the thermal effects of improper application of Ablefilm 550, used for bonding hybrid microcircuit substrates to packages, using thermal imaging nondestructive techniques and equipment. The primary purpose of therinal transfer adhesive (TTA) is to provide a mechanical adhering bond between the substrate and the case. However it is equally important to provide an efficient thermal path between the surfaces by selecting an adhesive designed for that purpose and verifying its proper application. The more efficient the thermal adhesive bond, the cooler the hybrid components will operate. As is well established [l] , the lower the component-operating temperatures, the lower the failure rates. Thus improvement of thermal adhesive. bonds increases the reliability of the hybrid.
Adhesives are difficult to inspect visually. The use of thermal imaging technology appears to be the only method known today to nondestructively evaluate insufficient adhesive, defects, deterioration, or inefficiency of adhesives located between two opaque surfaces. 
TECHNIQUE
The test technique developed here consists of mounting two hybrids on a heated plate and observing them with a thermal imager, as shown in Fig. 1 . Similar applications of infrared (IR) techniques have been reported by Vanzetti [2] ; however the application presented here and the analysis are considered original. A thermally conductive paste is used to mount the two hybrid samples of substrate-to-package bonding side by side on the uniformly heated plate. One of the hybrid samples is knowi? to have a good quality thermal bond between the package and the substrate, and the other hybrid of unknown bond quality is to be tested. Heat is applied to the heater plate, passing through the thermally conductive paste, hybrid package, substrate bond, and substrate and into the ambient surroundings. A comparison of the substrate apparent temperatures is made, after about 1 min of heating, using the thermal imager. The difference between the temperatures of the adjacent substrates provides a quantitative measure of the thermal effectiveness of the unknown bond.
In a production environment the thermal imager is the most practical method of comparing the hybrid temperatures, because of its rapidity and its ability to measure surface temperature over the entire area of interest without contact. It provides, in shades of gray, an at-a-glance apparent-temperature comparison image of the hybrid substrates. An adjustable temperature-profile scan line within the thermal imager display is also quite useful when more accurate temperature measurement and comparison is required. Polaroid pictures of the thermal imager display can be taken to provide permanent historical data and acceptance records. Several commercially available thermal imagers are suitable for this purpose. There is no requirement to accurately control ambient temperature or heat flux from the heater plate, since both the good and the suspect units are measured simultaneously under conditions of identical ambient temperature and heater plate temperature. There also is a simplification in data interpretation resulting from this simultaneous-measurement comparative-test technique, because any identical areas of the hybrid substrates will show almost identical temperature difference between the good and suspect units, regardless of the emissivity.
The standard of a good quality thermal bond can be obtained in a number of ways. For the demonstration test described below, the standard was prepared in a laboratory under the supervision of engineers. The thermal contact between the heater and the hybrid packages also can be obtained in a number of ways.
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DEMONSTRATION TEST
To demonstrate the feasibility of this method, two samples of typical radar system hybrid hardware were prepared. One hybrid was fully bonded, and the other was deliberately half bonded with a checkerboard adhesive pattern to simulate a normal defect.
Typical test results are shown in Figs. 2-5. The TR images of the hybrids are the two square objects in each photograph. The well-bonded hybrid is on the right in each figure. Beneath the hybrids is part of the JR image of the heate; plate. At the bottom 'is the display of the temperature profile along the scan line (the horizontal line through thd hybrid images). A higher magnification was used for Figs. 4 and 5 than for Figs. 2 and 3 to obtain better resolution.
The readings were consistent at the higher heater temperature (98'C). The half-bonded substrate was measured to be approximately lo-ll°C cooler than the fully bonded one. This reading is within a 1°C level of confidence. The significance of the 11°C value is that such a large difference in the indicated temperatures is easily resolvable with commercially available' thermal imaging equipment. In fact a temperature difference less than l°C can be detected. Therefore, this inspection technique is more than sensitive enough to differentiate between 100 percent and 50 percent bpnds. The sensitivity limit of the technique was not evaluated during this investigation, because the objective was only to demonstrate the technique's capability. Also of interest is the similarity of the 98°C results after heater power is applied for 40 s and for 5 min (Figs. 2 and 3) , indicating that in production a hybrid could be inspected in less than 1 min. This result held true at 30 s versus 5 min at a heater temperature of 88°C (Figs. 4 and 5) . These test results are a persuasive argument for the introduction of thermal imaging technology to perform routine inspection of thermal conducting adhesives in both hybrid microcircuit production and conventional module production. 
ANALYSIS Objective
These results motivated a thermal analysis of this inspection method. The objective of the analysis is to provide the relation between the measured substrate temperatures and the substrate-to-package thermal resistance.
Method
This analy$is is based on the following assumptions. l The heater is isothermal. This is expected to be a good approximation. The substrate-to-ambient thermal resistance is the same for both hybrids. This assumption is expected to be valid, because the hybrids are identical except possibly for their substrate-to-package thermal resistance.
l
The substrate-to-ambient thermal resistance is independent of the substrate temperature. This is expected to be a good approximation, because relatively small (1O'C) temperature differences between hybrids are expected.
The appropriate thermal model is sketched in Fig. 6 . The nomenclature is as follows.
T,, heater temperature T, substrate temperature of well-bonded hybrid Tb substrate temperature of poorly bonded hybrid T, ambient temperature r3ha heater-to-ambient thermal resistance 8,, substrate-to-ambient thermal resistance eg heater-to-substrate thermal resistance of well-bonded hybrid 13~ heater-to-substrate thermal resistance of poorly bonded hybrid P heater power dissipation P, heater dissipation transferred directly to the ambient surroundings Pg power transferred from the heater to the well-bonded hybrid P, power transferred from the heater to the poorly bonded hybrid.
The power balance for this thermal network yields Tg -To Tb -Ta -e,=-Th -Tg Th -Tb ebe It follows that the well-bonded substrate is always hotter than the poorly bonded one in this inspection test. This prediction agrees with the result of the test described in the previous section.
We also have
'a Fig. 6 . Thermal network.
In this equation the heater-to-ambient thermal resistance is unknown and would be difficult to estimate accurately. For simplicity and for energy conservation, we assume that the heater is perfectly insulated from the ambient surroundings:
so that all the heat from the heater goes through the hybrids.
Substituting (3) into (2) yields
Equations (1) and (4) are two equations in the following variables.
The heater power dissipation P, which can be controlled and measured with a standard instrument, e.g., a wattmeter. The heater temperature Th, which also can be controlled and measured with a standard instrument, e.g., a thermocouple or thermistor. . The ambient temperature TO., which can be measured with a standard instrument, e.g., a thermometer. The substrate temperatures Tg and Tb, which are measured by the thermal imager. The substrate-to-package thermal resistances eg and 8 b.
Assuming that T, and eg are known, this leaves the following five unknowns: P, Th, T,, Tb, and eb (see Fig. 6 ). Therefore any two of these variables can be calculated for specific values of the other three by means of (1) and (4). These equations can be programmed into whatever algorithm is thought to be useful for inspection test planning and/or interpretation.
Application of the Analysis
This analysis can be employed as follows in establishing inspection test parameters and accept/reject criteria. 1) Reliability allocation: establish the maximum acceptable increase in the hybrid failure rate resulting from the imperfection of the substrate-to-package thermal adhesive bond. 2) Reliability prediction [l] : evaluate the corresponding maximum acceptable increase in the hybrid component operating temperatures. 3) Thermal analysis: calculate the corresponding maximum allowable increase in the hybrid substrate-to-package thermal resistance' eb -8,. 4) Selection of test parameters: employ the foregoing analysis to select suitable values of P, Th , T,, and Tb. Note that the difference in indicated temperatures Tg -Tb measured in the inspection test does not necessarily equal the difference between the component-operating temperatures of the poorly bonded hybrids and those of the well-bonded hybrids.
CONCLUSION
The following conclusions are drawn from these test results. 1) A nondestructive technique providing for inspection of the quality of hybrid microcircuit substrate-to-package thermal bonds by means of infrared thermography has been developed.
2) A typical substrate with 50 percent bonding voids to the package shows an 1 l°C lower apparent hybrid substrate temperature than a hybrid substrate having a good quality thermal bond, indicating that there is sufficient test sensitivity to find faulty thermal bonds and thus demonstrating the effectiveness of the technique.
3) The reliability of hybrids, screened with thermography for quality assurance/acceptance of the thermal bond between the substrate and the package, will be improved because of the lower average operating temperatures of components and circuits mounted on the substrate. This test method should therefore be considered for inclusion in hybrid production processes, especially where hybrid high cost and/or reliability is a principal factor.
4) An analysis for use in planning inspection tests and interpretation of the test results has been developed. ACKNOWLEDGMENT G. S. Howardell suggested the experiment and provided the test samples.
